Introduction
Acute haematogenous osteomyelitis (AHOM) is defined as an acute infection of the bone or bone marrow diagnosed within 2 weeks from the onset of signs and symptoms [1, 2] . Further definitions vary, but the usual consensus is that if the history is longer than 2 weeks the disease is subacute, and if much longer (months) then osteomyelitis is chronic.
AHOM may affect any bone of the body, although most cases are found in the long bones of the lower limbs (Figs 1 and 2) [1, 3] . The humerus is the most common location in the upper limb. Of the non-tubular bones, the calcaneus is especially prone as it is affected in 10% of cases [3] . Males experience AHOM more often than females, with the ratio being 2.0:1.2 [4] . Following the neonatal period, a small peak occurs at early school age (Fig. 1) . The proneness of boys is explained by strenuous physical activity that leads to mini trauma caused by overloading of the growing bone structures. The same gender and age differences have been observed in many countries and for all the causative agents [5, 6] .
Pathogenesis
The routes by which bacteria reach a bone are direct spread from an adjacent infected soft tissue or joint, direct inoculation during trauma or a surgical procedure, or by haematogenous seeding [1, 4] . In children, haematogenous spread is most common. The anatomy of growing bone plays a major role in the pathogenesis.
AHOM usually commences from the metaphysis of a long tubular bone. As already suggested in the 1920s [7] , sluggish blood flow in the sinusoids of the epiphyseal-
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A c c e p t e d M a n u s c r i p t 4 metaphyseal junction and a defective reticuloendothelial system with impaired phagocytosis allow bacteria to stick in the sinusoidal structures [4, 8] . It also has been hypothesised that AHOM develops by two different mechanisms [9] . The more common is local: blunt trauma causes oedema and haematoma and this local process is secondarily infected haematologically by bacteria that occasionally gain access to the bloodstream. Alternatively, one or multiple non-traumatised locations are infected during primary septicaemia [9] .
In contrasts to adults, chronic osteomyelitis and AHOM complicating prosthetic surgery or following an underlying illness are rare in children of high-income countries. In the developing world the situation is reversed, as AHOM and chronic disease are rampant. A sad reality is that these patients often have a history of failed or absent primary treatment, or one may find an underlying illness such as human immunodeficiency virus (HIV) infection or malaria [10] .
Important distinction between infection and inflammation
An important concept to recognise is the difference between infection and inflammation (a host response). Inflammation is often triggered by infection, but these phenomena are not synonymous. Infection is treated, of course, with antibiotics, whereas halting inflammation requires other agents such as non-steroidal antiinflammatory drugs. Recognising this important difference has direct reflections on treatment.
No less than 70 years ago, Penberthy and Weller showed that AHOM sometimes healed with a 3-day course of sulphonamides [11] . However, the fact that the A c c e p t e d M a n u s c r i p t 5 infection was cured did not necessarily imply that the entire disease process was over. Complications of AHOM may develop slowly, even long after discontinuation of antibiotics. This is because the host continues its 'response' by maintaining inflammation and osteoblast activity, which ultimately heal the destruction of AHOM.
In Africa, up to three out of four pathological fractures are due to 'chronic osteomyelitis' [12] . An assumed reason is that the initial antibiotic treatment did not end the infection but allowed a chronic process and further bone destruction. This might be the case, but in our opinion the sequence described in Fig. 3 may also take place: infection was terminated, but longstanding inflammation may lead to pathological fracture, which is a risk if the affected bone is not supported with a splint or other device for weeks after initial 'healing'.
Causative organisms and susceptibility to antibiotics
Staphylococcus aureus is overwhelmingly the most common causative organism (Fig. 1) . Staphylococcus aureus was initially susceptible to penicillin, but penicillinase production was reported early [13] . Antistaphylococcal penicillins, such as cloxacillin [14] , meticillin and flucloxacillin, were adopted for use, followed by cephalosporins.
Another line in the development of new agents was the class of lincosamides (lincomycin and clindamycin). Then, the 1990s saw a new problem, meticillinresistant S. aureus (MRSA). Most of these strains were not more virulent than meticillin-sensitive S. aureus, but in the recent years the hypervirulent MRSA USA300 strain [15] has emerged. Details of this development of hypervirulence are not fully understood [16] . M a n u s c r i p t 6 These unwelcome events have forced the search for alternative treatments.
Clindamycin is still an option in many cases of MRSA [17] , but vancomycin or (costly) linezolid are among the alternatives if clindamycin resistance is encountered [18] .
Since susceptibility varies from country to country, some authors have suggested taking into account the prevalence of resistance in the community (Table 1) [2] .
Streptococci are generally the second most common causative agents in AHOM, responsible for 10-15% of cases [3] . Streptococcus pyogenes remains invariably susceptible to penicillin, whereas Streptococcus pneumoniae has shown a somewhat lessened minimal inhibitory concentration (MIC). The prevalence of penicillin 'resistance' depends on the breakpoint used. Using a low MIC value of 0.12 g/mL, resistance could be as high as 35%, whilst the current definition for pneumococcal full resistance is at an MIC of 8 g/mL. This cut-off decreases the prevalence to a mere 0.24% [23] . Overall, high-dose penicillin G may be used as a first-line agent in pneumococcal AHOM, especially if high doses and four times daily (q.i.d.) dosing are used. However, because of better palatability and absorbance, high-dose ampicillin or amoxicillin is well justified for oral therapy.
For unknown reasons and in contrast to septic arthritis, Haemophilus influenzae type b (Hib) causes AHOM infrequently. Large-scale Hib vaccination has essentially eradicated Hib diseases in many affluent countries [24, 25] , but this aetiology should be borne in mind in an unvaccinated child under 5 years who presents with AHOM with adjacent septic arthritis (AHOM+SA). Depending on the prevalence of -lactamase production in the region, ampicillin/amoxicillin or a second-or third-M a n u s c r i p t In some countries, Kingella kingae is an important organism. In Israel, it even surpasses S. aureus in joint infections [19] [20] [21] . The pathogen is difficult to culture [26, 27] , but this problem alone does not explain the differences between countries.
This said, K. kingae has been encountered in AHOM with increasing frequency in some regions [28] . In Switzerland, it caused 23/43 cases (53%) of osteoarticular infections in children under 4 years [27] .
Salmonella spp. are found rarely in high-income countries, but if detected the patient often has some immunodeficiency [29] . In contrast, Salmonella AHOM is rather common in the tropics where it may cause up to 71% of cases in patients with sickle cell disease [30] . Inexpensive trimethoprim/sulfamethoxazole, ampicillin and chloramphenicol used to be good therapeutic choices, but today resistance problems have made Salmonella AHOM more complicated; usually, ceftriaxone is still effective [31] . Fluoroquinolones are also effective, but the fear of joint/cartilage destruction hinders their paediatric use. However, this problem has been encountered only in animal experiments, not in children [32] . Therefore, quinolones are accepted in the treatment of severe invasive Salmonella infections if no safer alternative is available [33, 34] .
Clinical manifestations
Classical AHOM manifests as local pain in the affected limb. A distinctive feature is gradual worsening of the symptoms and signs within days [3, 4] . Local swelling and
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A c c e p t e d M a n u s c r i p t 8 redness may be present, more commonly in infants and young children, but may be inconspicuous and appear only after spread of the infection to beneath the periosteum (subperiosteal). Fever is common, but may be absent, as shown by a series of K. kingae AHOM in which fewer than 15% of patients presented with a body temperature >38.5 C [35] . Any bone can be affected, but again the long bones of the lower limbs are most prone. A small child presenting limping or unwilling to use a limb should raise suspicion of AHOM. Usually the child is less ill than a patient with septic arthritis. Antecedent trauma may have taken place [9] . If so, infection is sometimes shadowed by signs of trauma.
AHOM+SA manifests as limited motion of the adjacent joint. As one would expect, these children are clinically more ill than those with plain AHOM. C-reactive protein (CRP) and the erythrocyte sedimentation rate (ESR) are higher [36] . Occasionally, septic arthritis is found in a non-adjacent joint and this surprising event is explained by haematogenous seeding [9] .
Diagnosis
A scheme for the management of AHOM is depicted in Fig. 4 . Once the child's history and clinical symptoms and signs suggest AHOM, serum CRP and ESR should be determined, because at presentation they almost always exceed 20 mg/L and 20 mm/h, respectively [36] [37] [38] . Occasionally, the first CRP value remains nonincreased, whilst the ESR is increased [36] ; therefore, measurement of both indices on admission is beneficial. Later on, follow-up of CRP alone suffices [36] .
A c c e p t e d M a n u s c r i p t 9 If CRP is <20 mg/L or ESR is <20 mm/L and the history is >6-12 h [36] [37] [38] , AHOM is so unlikely that mere observation is justified, keeping in mind other diagnostic alternatives. However, should one of these unspecific, though reliable, parameters be increased, blood culture and diagnostic bone aspiration are to be performed [3] . If discharge is obtained, it should be cultured; if not, the aspiration needle is sent for bacterial culture. Blood culture is important because ca. 40% of AHOM is only blood culture-positive [3] .
The diagnosis can be tricky. An old clinical wisdom says that unless the history is a fortnight or so (rare), a radiograph without lytic changes more supports than discards the diagnosis of AHOM. However, newer imaging techniques have changed the picture. In particular, magnetic resonance imaging (MRI) improves the chances of making the correct diagnosis swiftly because it detects inflammatory changes in and around bone early. Computerised tomography (CT) is also valuable, particularly as it detects a sequestrum and other bone changes such as pathological fractures [39] . In contrast to septic arthritis, ultrasound is of lesser importance. Scintigraphy is another traditional method [40] . It still defends its position against MRI, since among 213 cases it equalled MRI in sensitivity, with 100% for both methods [41] . In our own series of 131 bacteriologically proven AHOM, the bone scan was initially negative in 4 cases (3%) [3] .
Besides MRI, positron emission tomography (PET) or single-photon emission computed tomography (SPECT) are very sensitive and specific diagnostic methods in various osteomyelitides [39, 42] . However, MRI has gained popularity because it shows the extent of infection. The bone scan is not helpful in detecting abscesses, A c c e p t e d M a n u s c r i p t 10 adjacent pyomyositis or fasciitis [42] . Using gadolinium contrast in MRI remains controversial and should not be used routinely as non-contrast MRI usually suffices [43] . Moreover, fat-suppressed contrast-enhanced MRI does not add to the sensitivity or specificity of the diagnosis, albeit it may bring a little more information in the search for an abscess [44] . Repeated MRI is indicated only if the recovery is not as expected, although even then the information thus obtained changes the treatment for only 10% of patients [45] . In vertebral osteomyelitis, repeated MRI might be useful because the endplate subchondral changes are sometimes unspecific and benign [46] .
Acute haematogenous osteomyelitis complicated with adjacent septic arthritis
Concurrent adjacent septic arthritis appears to occur more often in AHOM than realised, as joint involvement has been found in up to one-third to one-half of cases [8, 47] . Neonates are especially prone to AHOM+SA [4, 8] , probably because of the transphyseal blood vessels that may persist for up to 18 months [8] . In older children, joint involvement is considered a special risk in the hip and shoulder regions (and, to some extent, the ankle), since the entire joint is intracapsular [4, 48] . Contrary to this concept, one series on AHOM [8] showed that the most commonly affected joint was the knee. In our series (Fig. 2) , spread from the proximal tibia to the knee was especially common [3] .
As one would expect, AHOM+SA triggers a fiercer inflammatory response, which one can see by high CRP levels and ESR [36, 48, 49] . Many experts share the opinion that Page 11 of 38 A c c e p t e d M a n u s c r i p t 11 AHOM+SA commences from AHOM [3, 9] , but we see no reason why the sequence could not also be vice versa. Current literature shows little data on either way.
Choosing the antibiotic
If a relevant bacterium is identified from the local specimen or blood culture, choosing the antibiotic is rather simple: some current recommendations are listed in Table 1 .
More of a problem is the first-line 'empirical' selection, as are cases in which no aetiology is identified. If so, one should first re-evaluate the patient asking oneself whether he or she has AHOM at all.
The antimicrobial should cover the common pathogens in the region, taking into account the resistance pattern. For years clindamycin or a first-generation cephalosporin have been used [36] and both have worked well in circumstances where MRSA is uncommon. These inexpensive agents are notably well tolerated by children as well as when large oral doses are used. As observed decades ago [50] , clindamycin may infrequently cause diarrhoea in children. Cephalosporins penetrate bone more poorly than lincosamides [51] , but we have not detected any major difference in clinical effectiveness.
As most MRSA strains have remained susceptible to clindamycin [17] , this timeproven agent well defends its position against newer and often very costly (e.g. linezolid) antimicrobials. If resistance of MRSA to clindamycin in the community exceeds 25% [22, 52] , initial combination with vancomycin might be indicated.
Sometimes, linezolid is a valid option [15, 18] . Notably, K. kingae is usually nonsusceptible to clindamycin or vancomycin [19] [20] [21] . M a n u s c r i p t 12 Antistaphylococcal penicillins are probably in widest use globally for osteoarticular infections. We have little experience because they appear to cause diarrhoea if large doses are given orally (as in AHOM). Otherwise, they no doubt are an option.
Interestingly, in one study of 58 patients [53] no clindamycin recipient developed chronic osteomyelitis, whilst sequelae were observed in 9 patients treated with cloxacillin.
Intravenous versus oral administration
Treatment of AHOM is almost always instituted intravenously [54] [55] [56] . Historically, it is of interest that no good data support the necessity of this practice, provided the patient tolerates the oral route, a well absorbed agent and exceptionally large doses (Table 1) [11] . However, in those days a surgical intervention was done routinely. Only decades later was it proven that generally oral administration is effective even when surgery is kept at a minimum [3] .
We start medication with a 2-4-day course of intravenous (i.v.) high-dose antibiotic (Fig. 4) and have doubts whether even this short period is truly needed in milder cases. The same high doses are used in oral administration. As shown in Table 2 , the duration of i.v. administration has shortened elsewhere as well [57] [58] [59] . Serum antimicrobial assays before switch to the oral route were once recommended [54] A c c e p t e d M a n u s c r i p t 13 are no longer used. However, good compliance is of course necessary. To achieve better compliance, we have slightly modified our 'q.i.d.' administration: the drug is to be taken in four equal doses during the time the patient is awake.
Duration of treatment
The new 'miracle drugs' (antibiotics) also turned the page in AHOM, a disease that used to kill up to one-quarter of patients [60] . As antibiotics were initially in great shortage, very short courses (and small amounts) were used. It was learned that sometimes a mere 3-day course of sulphonamide healed the patient completely [11] .
Generally, medication lasted for 3-20 days, the average being 11 days.
Once availability of antibiotics improved, courses lengthened. A retrospective analysis of patients mainly treated with penicillin [61] concluded that a course of 5-10 days was associated with a poor outcome. Another risk factor was duration of symptoms for >3 days before admission. As a result, treatments lengthened, although there was never a consensus as to what the optimum treatment length should be.
Some experts recognised this uncertainty. In 1967, Green aptly wrote that the antibiotic (cloxacillin) was given 'arbitrarily for a period of five weeks' [14] . This arbitrariness stood time surprisingly well, as shown in Table 3 . Since no prospective, sufficiently powered, randomised trials were available, treatment was based on animal studies [68] , expert opinions and the rationale that bone revascularisation after debridement lasts 4 weeks [65] . For years, treatment of AHOM stagnated under the belief that medication should last for 4-6 weeks [2, 3, [62] [63] [64] [65] [66] [67] , including an i.v.
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A c c e p t e d M a n u s c r i p t 14 phase of 1-2 weeks [54] [55] [56] . Slowly-reacting ESR was often another guide for treatment length [69] .
A large retrospective series of 655 patients from Australia [70] concluded that 3 weeks was a sort of cut-off; if AHOM was treated for longer no benefit was obtained, and with a shorter duration problems were encountered. However, reoccurrences have been observed even after an 11-week treatment [55] . Clearly, there is no single length of treatment that would guarantee a successful outcome every time. In this regard, AHOM is equal to any other infectious disease.
During the past 10 years or so, evidence has been accumulating that AHOM could be treated with shorter courses [71, 72] , at least in industrialised countries where patients present early (usually within 1-4 days). Few prospective trials have been performed (Table 2) . With this rationale, we performed a large treatment trial in which all 131 cases were bacteriologically proven AHOM [3] . Patients were treated, at random, for 20 days or 30 days with clindamycin or a first-generation cephalosporin using a dose of 40 mg/kg/day q.i.d. and 150 mg/kg/day q.i.d., respectively. The i.v. phase was 2-4 days. Oral administration began if the response was good as observed by subsiding symptoms and signs and decreasing CRP levels. Since ESR has been the traditional laboratory index, it was also measured repeatedly, but the results did not affect the treatment. The antimicrobial was discontinued when most (but not all) symptoms had subsided and CRP had decreased to <20 mg/L. The characteristics of the study are summarised in Table 4 .
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A c c e p t e d M a n u s c r i p t 15 Not a single failure of the treatment occurred, although sometimes the treatment was prolonged [3] . Thus, we recommend to start medication with high-dose clindamycin or a first-generation cephalosporin intravenously q.i.d. If the patient responds well, and the second-to fourth-day CRP levels are descending [36] , the route is switched to oral. In most cases, a total course of 20 days suffices [3] . AHOM+SA is also often curable with this course, but as CRP decreases more slowly [36] medication may sometimes be prolonged. Our cut-off-value for 'normal' CRP levels has been 19 mg/L [3, [36] [37] [38] 73, 74 ], but we do not say that some higher level would not serve equally well.
Surgery versus antimicrobials only
Before the antibiotic era, the attending surgeon had a dilemma [60] : if he operated early, mortality increased but sequelae decreased, and vice versa; waiting for a week or so decreased mortality, but sequelae were more frequent. Anyway, surgery was essential.
The necessity of a surgical intervention has also been the general thinking in the era of antibiotics [4, 57] . We consider that the need for surgery varies. We usually only aspirate/drill the focus, mainly in order to obtain a representative sample for bacteriology. In AHOM+SA, we prefer arthrocentesis to immediate arthrotomy [75] .
All larger interventions are reserved for patients in whom recovery does not seem uneventful [3, 74] . Needle aspiration is often easier in children than in adolescents whose cortical bone is thicker. To what extent our conservative approach applies to AHOM in other regions, especially the developing world, remains to be seen. Also cases due to MRSA may warrant a more aggressive surgical approach [2, 76] .
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Sometimes an intervention is no doubt needed. Besides children who do not quickly respond to the otherwise adequate treatment, perhaps also those with exceptionally destructive AHOM fall in this category. No data confirm these hypotheses; it may even be that 'whole bone' osteomyelitis should not initially be operated on.
Follow-up
When moving towards shorter treatments, close monitoring is mandatory. Besides clinical signs, sequential CRP determinations are a good yardstick. CRP peaks to high values (often >100 mg/L) in 2-3 days, but then normalises within 11 days if the recovery is uneventfully [36] . If CRP levels continue to rise, or remain high on the 4th day of treatment, a complication should be suspected [77] .
The ESR decreases slowly and a value of 20 mm/h is reached on average only after 25 days [36] . Sluggish normalisation of the ESR is one of the explanations why antibiotics for AHOM have been administered for such long periods. We usually discontinue antibiotics if the CRP has descended to <20 mg/L, provided the clinical response was good. Whether normalised CRP alone justifies drug discontinuation would require its own study. If surgery is performed, the tissue destruction elevates CRP transiently [75, 78] .
Since sequelae may develop slowly, follow-up for at least a year is warranted. Our check-ups have been at 2 weeks, 3 months and 1 year from discharge, taking into consideration the child's individual needs. Plain radiographs are sufficient for the detection of potential sequelae, whilst MRI is reserved for special cases [45] . CRP, or M a n u s c r i p t 17 if not available ESR, is also checked because increasing values may hint towards sequelae [3, 36, 74, 75, 77] .
12.
Uneven global distribution of sequelae, and caveats AHOM is a potentially devastating disease that may still be fatal or cause permanent disability [10, 12] . Although full or nearly full recovery can usually be expected in the affluent world [3] , this is not the case in low-income countries. Whilst only two mild complications (1.5%) occurred among 131 cases in Finland [3] , complication rates no less than 11-29% have been reported from Nigeria, India and Tunisia [5, 6, 79] .
Several factors (different aetiology, underlying illnesses, late presentation, etc.) may explain dissimilar prognosis to some extent, but probably not entirely. One may thus argue that our simplified treatment would not work in those circumstances. However, it is in these environments of limited resources in which inexpensive but functioning solutions are desperately needed.
Although we are confident with our results, a few caveats should be mentioned. First, although 89% of our patients had S. aureus disease, no MRSA was encountered. We have no experience on the treatment of MRSA AHOM but recognise its usual susceptibility to clindamycin. Nor do we comment on cases caused by Salmonella or K. kingae, which are essentially non-existent in Finland.
Second, we have used clindamycin or first-generation cephalosporins or, previously, ampicillin/amoxicillin for Hib disease. We assume that antistaphylococcal penicillins in high doses can also be used along the same lines, unless diarrhoea becomes a problem.
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a Staphylococcus aureus was the most common causative organism in all studies.
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